Multiplexed diffraction gratings were recorded in 300 μm thick layers of biophotopol photopolymer by using two peristrophic multiplexing schemes separately and in combination. In addition, it was shown that riboflavin may be used as polymer initiator in acrylamide photopolymer films and the holographic properties of these films such as diffraction efficiency and dynamic range were compared with those of the biophotopol photopolymer. A variable exposure scheduling method was adopted to store the gratings using a 488 nm Ar laser. Thirteen nearly uniform sinusoidal wave gratings could be recorded in a low toxicity recording medium with a variable exposure energy scheduling method. The diffraction efficiency and dynamic range obtained using the two multiplexing schemes were compared.
Introduction
Photopolymers have proved to be useful in different holographic applications such as holographic data storage (HDS) or holographic optical elements (HOEs). There is an ever growing need to increase the capabilities and flexibility of data storage systems. HDS offers high storage density, fast data transfer rate and short random access time [1] [2] [3] . HOEs were introduced in the 1980's as an alternative to conventional optical elements and have several advantages over the latter. They can manipulate light in a simpler and cheaper way and at the same time are much lighter and versatile [4] [5] [6] [7] .
Holographic photopolymers were first described in 1969 as a mixture of acrylic monomers (barium and lead acrylate and acrylamide) and a photoinitiator. Typically, photopolymers are, however, composed of a total of three components: the photoinitiator, one or more monomers, and a polymeric binder. The binder provides mechanical stability and ensures good optical properties.
However, most photopolymers have certain undesirable features, such as the toxicity of some of their components or their low environmental compatibility. New trends in photopolymers include better environmental compatibility, low toxicity, ease of production and good recycling properties [8] [9] [10] .
This paper follows on from previous studies in which we developed the biocompatible photopolymer 'Biophotopol' as a recording material for single holographic gratings [11, 12] . In this case two different multiplexing methods were used independently and simultaneously in order to assess the capability of Biophotopol to obtain multiplexed holographic gratings at a single location in a 300 µm thick layers. We also compared the results with those obtained in multiplexed acrylamide/riboflavin (AA/RF) samples. This is the first time that the use of riboflavin dye as initiator system with acrylamide monomer has been reported.
It is known that the RF molecule (component of vitamin B 2 ) and Flavin derivatives absorb at visible wavelengths with a specific absorption peak near 450 nm. These substances are photosensitizers because they have a high intersystem crossing quantum yield [13] . Upon light absorption they reach the triplet excited state and react with electron donors to generate radical intermediates. These radicals, either from the dye molecule itself or from triethanolamine (TEA) facilitate chain polymerization through a redox reaction, as happens in the case of the yellowish eosin-triethanolamine pair.
The dynamic range of the medium is formally described as the number of single holographic gratings that can be stored in the same volume of media by multiplexing to create a DE of 100% [2, 14] . It represents the storage capacity of a holographic material and is characterized by the parameter M#:
where DE is the diffraction efficiency of each multiplexed hologram and i'th is the number of the multiplexed hologram. Thus, M# is a suitable measure of the possible storage capacity of a given medium, and is proportional to the thickness and the index contrast of the medium. M# determines the number of index gratings, N, that can be written in the holographic medium, and whose individual DEs can be clearly distinguished from the noise level.
Peristrophic multiplexing is a very useful tool especially when the holographic recording medium is relatively thin. It is usually implemented by combining of two or more multiplexing techniques that increase the storage density. In order to assess the capability of the Biophotopol photopolymer as a data recording material we used two different peristrophic multiplexing techniques. These techniques are commonly used in HDS experiments. In one case the rotation axis is parallel to the sample plane and thus the angle of incidence of the reference and object beams varies continuously during storage of the holograms. Each hologram is stored at an angle of incidence slightly different to that of the previously recorded one. In the other case, the rotation axis is perpendicular to the sample plane and thus the angle of incidence of the reference and object beams is constant during hologram storage. There is no loss of the previous grating when a new grating is recorded at the same point.
One of the photopolymers most widely studied is polyvinyl alcohol acrylamide (PVA/AA). It has been developed in 1 mm thick layers by our research team [15, 16] and other research groups [17] [18] [19] [20] showing its suitability as a HDS [21] . It exhibits high energetic sensitivity and diffraction efficiency. Yellowish eosin is commonly used as sensitizer with PVA/AA photopolymer. Therefore, in order to compare the results of environmentally friendly Biophotopol with those of the well-known highly toxic AA based photopolymers we used riboflavin instead of yellowish eosin (YE).
The material's temporal stability was also investigated with particular reference to the Bragg selectivity curve, DE variation and grating shrinkage variation. This was accomplished by monitoring the gratings before and after curing the sample.
Experimental

Preparation of the material
Photopolymer layers consist of a polyvinyl alcohol binder with a monomer (acrylamide or sodium acrylate), an electron donor, and a dye sensitizer. The composition of Biophotopol was based on that described in previous study with NaAO as the monomer [12] and it was optimized to obtain 300 µm thick layers. Table 1 shows the component concentrations of the Biophotopol (NaAO/RF) and acrylamide/riboflavin (AA/RF) photopolymers. The composition of the AA/RF samples used was similar to that of the NaAO/RF samples, the only difference being the monomer used. The compositions consist of water as solvent, triethanolamine (TEA) as coinitiator and plasticizer, riboflavin 5′-monophosphate sodium salt (RF) as dye and polyvinyl alcohol (PVA) as binder (Mw = 130000 g/mol, degree of hydrolysis = 87.7%) with the corresponding monomer (AA or NaAO). The quantity of AA used was calculated from previous studies in order to obtain 300 μm thick acrylamide photopolymer films giving maximum diffraction efficiency [22] . 1.0x10
The photopolymer solution was deposited in circular glass molds by gravity. The molds were then left inside an incubator (Climacell 111) at controlled humidity and temperature (RH = 60 ± 5% and T = 20 ± 1 °C, respectively). When part of the water had evaporated (drying time 40 h), the "solid" film thickness decreased to 300 µm approximately. The glass molds were then ready for exposure, which took place immediately. The thickness of the solid films was measured using an ultrasonic pulse-echo gauge (PosiTector 200) after exposure.
The wavelength of the Argon laser used in the hologram recording experiments was 488 nm at which the absorption coefficient of the Biophotopol solution was 91 cm −1 , as demonstrated in a previous study [12] .
The recorded grating is a volume grating with a Q factor [23] of 1155 >> 10 that has been calculated using the Biophotopol's data. The modulation stored in this type of materials is phase modulation. As the surface relief modulation and absorption modulation are negligible we only take into account the index of refraction modulation. Using the previous experimental set-up [12] , multiplexed gratings were recorded at a constant exposure intensity of 3 mW/cm 2 provided by an Argon laser (BeamLok 2060 by SpectraPhysics) tuned at a wavelength of 488 nm with continuous laser exposure. The polarized beam was split into two secondary beams with an intensity ratio of 1:1 and a diameter of 1.5 cm. The angle of incidence of both the object and the reference beam at the recording medium were 17.1° (measured in air). This angle was used to obtain a spatial frequency of 1200 lines/mm.
Holographic setup
For peristrophic multiplexing studies, the sample was mounted simultaneously on two motorized rotation stages. Holograms were read out with an angular resolution of 0.02°. All components (shutter, rotation stages and detectors) were connected to a computer and controlled by a LabVIEW program.
Gratings were peristrophic multiplexed by rotating the Y axis (θ 1 ), by rotating the Z axis (θ 2 ) and by rotating both axes simultaneously. As can be seen in Fig. 1 the Y and Z axes are parallel and perpendicular, respectively, to the sample plane. The system allows multiple gratings to be recorded in the same volume of material. Each grating is recorded at an angle that is Bragg mismatched from its neighboring gratings and reconstructed away from the detector, permitting a new grating to be recorded.
In order to prevent grating overlapping during the storage process the angle between consecutive gratings selected was 1° when the angle of rotation was θ 1 and 10° when the angle of rotation was θ 2 . This ensures there is sufficient separation between the gratings to enable them to be subsequently reconstructed independently.
The exposure time was controlled by placing an electronic shutter in front of the Ar laser. No pre-exposure energy was used to reduce the inhibition period because the polymerization process began almost instantaneously, in both compounds. The analysis in real time of grating formation and the angular multiplexed gratings reconstruction processes were made using a HeNe laser. DE and TE (transmission efficiency) were calculated as the intensity of the diffracted and transmitted beams divided by the incident beam, respectively.
The DE data was fitted by Kogelnik's equation [23] :
where λ is the wavelength of reconstruction in air, α takes into account the absorption and scattering of the hologram, d is the thickness of the hologram, n 1 is the index modulation and θ is the angle of reconstruction in the recording medium, related to the angle of reconstruction in air by Snell's law. The system was used to determine the photopolymer's M# Eq. (1) for holographic gratings recorded at a spatial frequency of 1200 lines mm −1 . The diffraction efficiency was taken to be the intensity of the diffracted beam divided by the input beam intensity. In general materials with large values of M# are more suitable for use as holographic data storage.
Results and discussion
The aim of this paper was not to determine the maximum storage capacity of the Biophotopol photopolymer but to demonstrate that it can be used to multiplex gratings with an acceptable capacity. Hence, we recorded thirteen peristrophic multiplexed gratins by rotating two different axes in two different materials -a low toxicity Biophotopol material and a high toxicity AA material. As we described in previous study [12] the Biophotopol photopolymer exhibits lower transmittance at wavelengths around 450 nm so we used an Argon laser at a wavelength of 488 nm to record the holographic gratings. Therefore, in order to be able to use the same recording wavelength for both compounds we decided to use RF as a sensitizer in the acrylamide photopolymer.
Consequently, the only difference between the compositions of the two polymeric materials was the monomer used. In the Biophotopol photopolymer the monomer is NaAO and in the acrylamide photopolymer the monomer is AA. The rest of the components are the same in both photopolymers.
Riboflavin as a polymer initiator system
Figure 2(a) shows the UV-VIS transmittance spectrum for photopolymers with YE and RF dyes. As can be seen, the transmittance at 488 nm for the photopolymer with YE (red line) is too much higher (around 40%) to produce gratings efficiently. However, the transmittance of the AA photopolymer with RF is around 11%, low enough to record gratings with high efficiency. For this reason, we decided to use RF in both photopolymers. Figure 2(b) shows the absorption coefficient (α). At the reconstruction wavelength α = 1.1 cm −1 , this means that the material does not have absorption at this wavelength and therefore we can get rid of the bulk material absorption. To study how these photopolymers, behave as holographic recording material, we recorded a diffraction grating in each of them. Figure 3 shows DE versus exposure energy for both materials. As can be seen, the DE in both cases increases monotonically and has the same shape. The minimum energy necessary to respond is practically the same for both compounds (0.01 J/cm 2 approximately). The energetic sensitivity, defined as the minimum energy required to achieve maximum diffraction efficiency (DE m ), was the same for both photopolymers (0.06 J/cm 2 ). The energetic sensitivity is also obtained from the E maximum derivative with the same results. The DE plotted has not saturation. At the last point of this curve the diffracted intensity started to decrease and at this moment we have turned off the recording laser. In Fig. 3 the DE + TE and DE curves are plotted. As can be seen in Fig. 3(a) , the DE + TE curves show that the AA monomer has losses of around 10% due to absorption and dispersion of light as compared with around 2% in the case of the NaAO monomer, for which the sum DE + TE is more stable throughout the holographic recording. This indicates that the losses due to absorption and dispersion are smaller in the photopolymer with NaAO, thereby making this material more suitable for our purpose. In Fig. 3(b) the DE + TE are constant and DE curve shows the behaviour of both materials without taking account the losses. Figure 4 shows the angular scan of both materials. In Fig. 4 (a) Fresnel losses are not taken into account. In Fig. 4(b) both interfaces reflections and scattering losses are taking into account. The maximum diffraction efficiency DE m obtained was around 80% (Fig. 4(a) ) and around 95% (Fig. 4(b) ). Table 2 also includes the main holographic parameters obtained from Kogelnik's coupled wave theory [23] by fitting the experimental data to Eq. (2): optical thickness (d), absorption coefficient (α), refractive index (n 0 ), refractive index modulation (n 1 ), full width at half maximum (FWHM), and the regression coefficient (R 2 ). The optical thickness of the NaAO sample was around 300 μm and slightly lower for the AA sample. This difference in thickness was due to the difference amounts of water retained in the drying process. Due to the ionic character of the Na + the polyacrylate molecules tend to retain more water by solvation than do polyacrylamide molecules. This is also shown by the FWHM parameter.
Multiplexing
As mentioned in the introduction, thirteen holograms were stored at a single location. From multiplexing studies at constant exposure time, it was seen that this type of multiplexing does not result in uniform gratings [15, 24, 25] , which is important for holographic data storage. In all cases the exposure time used to obtain uniform diffraction efficiencies was calculated by performing an initial iteration made for each material. The exposure time for the first iteration was determined following the iterative method proposed in Ref [26] . This method is based on the application of initial schedule times, then using the diffraction efficiencies obtained, the next optimum exposure schedule is calculated. Both monomers polymerize in the same manner -as we already demonstrate in Ref [27] using YE as dye. To simplify the recording process, the exposure time used is the average time calculated for each material.
Multiplexing with axis θ 1 parallel to the sample plane
Thirteen holograms were stored at a single location rotating the axis parallel to the sample plane. This rotation causes the stored grating to be reconstructed in a horizontal direction, allowing another grating to be recorded at the same location. The exposure times and the angular positions are indicated in Table 3 . Figure 5 shows DE versus the angular reconstruction for both photopolymers; we included not only the experimental data but also the theoretical data obtained from Kogelnik's coupled wave theory [23] . It may be seen that the DE of each grating in the NaAO is different and decreases as the hologram number increases, except for the two first gratings. In the case of AA based photopolymer the decrease is slower.
As can be seen the angular separation of 1° used to record the gratings is sufficient since in any case overlapping appears. The total exposure energy was 0.9 J/cm 2 for each sample. The dynamic range of Biophotopol was M# = 4.8, whereas that of the AA photopolymer was M# = 2.9. This difference is due to the high diffraction efficiencies of the holograms stored in the photopolymer with NaAO as compared with those stored in the photopolymer with AA monomer. This indicates that the variable exposure energy scheduling makes better use of the dynamic range of the NaAO photopolymer material. The lower value of M# obtained for AA photopolymer is probably due to the fact of using an averaged exposure energy scheduling instead of using a different exposure energy scheduling for each photopolymer. In a previous study [22] , 700 μm thick layer of YE/AA showed a M# equal to 25.91. This higher M# value for AA photopolymer is clearly due to its higher layer thickness and a better use of the dynamic range. This demonstrates the storage capacity of Biophotopol as recording material and its potential for use as multiplexing photopolymer material. The main parameters are presented in Table 3 , exposure time (t), effective optical thickness (d), absorption coefficient and refractive index modulation (n 1 ) of each grating plotted in Fig. 5 (the first grating stored is on the left and the last is on the right). It may be seen in both materials that there is a big difference between the width of the first grating and that of the others, thus indicating that the effective optical thickness of this grating is also different to that of the others. This occurs because at the beginning the absorption is high since the dye concentration is also high. As the dye is consumed the absorption decreases and the thickness of the stored grating increases. We can see a maximum effective thickness of 265 and 399 μm for AA and NaAO, respectively, and then thickness of the subsequent gratings decreases slightly. This effect can be explained by the fact that most of the monomer is consumed and the subsequent gratings are recorded deeper in the material, where some residual monomer still remains.
The refractive index modulation decreases as the grating number increases as reported in a previous study [15] .
Multiplexing with axis θ 2 perpendicular to sample plane
In this case thirteen holograms were stored at a single location using the axis perpendicular to the sample plane. The film was rotated around the Z axis after each recording position in steps of 10°. This rotation causes the stored grating to be reconstructed in the vertical direction, allowing another grating to be recorded at the same location. Figure 6 (a) and Fig.  6(b) show DE versus angular reconstruction for AA and NaAO, respectively. The exposure times used to record the multiplexed gratings were the same as those used in section 3.2.1 to record multiplexed gratings with the axis parallel to the sample for each photopolymer sample.
As can be seen in Fig. 6 the optical thickness of the first grating in both photopolymers is lower than the others stored gratings, as we explained in section 3.2.1. This time the dynamic range achieved of Biophotopol was M# = 3.3 and that of AA was M# = 5.3, in contrast to what happened in section 3.2.1, the variable exposure energy scheduling makes better use of the dynamic range of the AA photopolymer material along the Z axis. Readjusting the exposure time scheduling will make a better use of the dynamic range of the NaAO material in this type of multiplexing. In general, the optical thickness of the NaAO material is greater than that of the AA material. As shown in Tables 1, 2 and 3, the optical thickness of the Biophotopol photopolymer is in all cases slightly greater. Moreover, in previous studies it was found that when the thickness increased the angular interval for the angular response curve decreased. A small angular interval is very important when recording many holograms by multiplexing since this makes it more difficult for holograms to overlap, thereby allowing these holograms to be reconstructed more easily especially when the rotation axis is parallel to the sample plane.
Multiplexing with a combination of both methods
As already shown, the Biophotopol photopolymer has the capacity to store gratings at a single location using parallel and perpendicular multiplexing techniques separately. Now, we shall assess the Biophotopol's capacity to store twenty gratings at a single location using a combination of both multiplexing techniques.
Five gratings for each multiplexed Z axis position were stored with an angular separation of 1° along the Y axis. The angular separation between each Z axis position was 10°. In order to increase the dynamic range, we increased the number of stored gratings by adjusting the exposure times. In order to store gratings with uniform diffraction efficiency (DE), it is necessary to decrease the exposure times for the first holograms and increase the exposure times for the last ones. Figure 7 shows the DE of the multiplexed gratings using both multiplexing methods together and Table 4 shows the main parameters of the twenty gratings stored. The accumulated dynamic range obtained for the Biophotopol sample was M# = 5.5. Despite optimizing the time scheduling and obtaining a better dynamic range we observed that the two first gratings had a higher DE than the others. In order to improve the uniformity of the DE of the stored gratings we can reduce the exposure time of the two first gratings and slightly increase the exposure time of the last ones.
It may be seen in Table 5 that for each perpendicular multiplexing position the optical thickness of the stored parallel gratings is similar and around 300 μm, except for the last perpendicular position where the optical thickness decreased as the number of the grating increased. This can be explained by the lack of monomer which had polymerized during the recording of previous gratings.
Thus, with a combination of the two types of multiplexing a greater number of holograms may be stored without overlapping. Once more, these results demonstrate the capability of Biophotopol photopolymer as holography recording material for multiplexing applications with the advantages of its environmentally compatible properties. 
Grating stability
Biophotopol's stability was determined doing the reconstruction of the holograms and analyzing the variation of the maximum diffraction efficiency (DE m ) over the time. For this purpose, thirteen holograms were stored at a single location using the axis parallel to the sample plane. In this case, the film was rotated around the Y axis after each recording position in steps of 3°. We decided to increase the grating separation in order to make it easier to analyze and discriminate each grating DE peak versus time. The gratings were recorded along the Y axis, from zero to the end alternately from right to left. In this case the time schedule was the same as in section 3.2.1 and 3.2.2. However, the aim of this section was not to evaluate the uniformity but rather the evolution of the maximums obtained.
After recording the grating not all the dye in the photopolymer is consumed and the reaction continues if the hologram is exposed to incoherent light. One way to avoid this reaction is to remove the excess dye after recording the grating. Therefore, after the initial reconstruction (t = 0 h), we exposed the sample to a 13.5 W (875 lumen at 6500K) LED lamp for 20 minutes. This curing process does not erase the grating because the dye that remains in the exposed zones is negligible. This process only affects the remaining dye in the unexposed zones and therefore the grating renders more stable over time. The cured gratings were stored in laboratory conditions where the temperature and relative humidity change.
We only analyzed the first seven recorded gratings since the rest had lower DE m which made it difficult to determine them with sufficient accuracy. Figure 9 shows the evolution of DE m versus time in more detail. All the curves on this graph have the same shape, which indicates that the gratings evolve in the same manner. As we can see, the DE m changes over time and this variation depends on the initial DE m value. The higher the initial DE m value is the greater variation over the time produce. The DE m for each grating changes over the time but this variation is greater for θ 1 = 3° geometry, which have an initial DE m higher than the other gratings. The DE m was found to increase when the temperature decreased and relative humidity increased. Therefore, it was possible to restore or even increase the initial DE m by changing the values of temperature and relative humidity. The AA photopolymer gratings did not exhibit this property, see Ref [28] . These variations could allow us to use Biophotopol photopolymer as a sensor.
In Fig. 10 , shows the angular displacement (Δθ m ) of DE m versus time. This displacement is related to shrinkage as we assessed and quantified in other studies [29, 30] . Firstly, Δθ m is close to zero for the grating stored at the zero position (θ 1 = 0°). Gratings stored to the right and left of the zero position present a variation in Δθ m and this variation is symmetrical relative to the zero position. Δθ m increases as DE m decreases and vice versa. The second photograph shows a cured Biophotopol sample with (c) one stored grating and (d) thirteen stored multiplexed gratings along the Z axis. There are other gratings stored in the samples at different positions but they are not visible because of the great angular selectivity and high transparency of the Biophotopol photopolymer gratings, as can be seen in both photographs in Fig. 11 . 
Conclusions
We obtained multiplexed diffraction gratings in 300 μm thick layers of Biophotopol and AA based photopolymers using two different types of multiplexing. Riboflavin was the dye used in the two photopolymers layers and thirteen gratings were recorded in both. When the multiplexing axis was parallel to the sample plane the dynamic range, M#, of the Biophotopol layers was 4.8 and that of the AA material was 2.9. On the other hand, when the multiplexing axis was perpendicular to the sample plane M# was 3.3 in the Biophotopol layers and 5.3 in the AA layers. Using a combination of the two multiplexing techniques, twenty gratings were stored in Biophotopol whose M# reached 5.5. This demonstrates that both materials can be used in HDS and that it is even possible to storage several HOEs in the seam layer. In future studies we will develop our Biophotopol material for uses as a holographic memory by optimizing the time schedule in order to increase the number of gratings stored with similar DE.
The study of the stability of the Biophotopol layers was done over a period of four months. The DE m values fluctuated around the initial DE m values. This variation depended on the initial DE m and the temperature and relative humidity conditions.
In this study we demonstrated the storage capacity of Biophotopol as a recording material together with its potential application as multiplexing photopolymer material. Its performance is comparable to that of to the AA based photopolymer in this type of applications, with the added advantage of its low toxicity.
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